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The Eo’ of cytochrome c on a self-assembled monolayer (SAM) 
modified gold electrode increased by 300 mV immediately on 
immersion in methanol. On re-immersion of the electrode in 
aqueous buffer the original faradaic response was restored, but 
over a period of 120 min, indicating that methanol causes a 10 
significant change in conformation/orientation of the protein.  
Much effort has been devoted to understanding the 
electrochemical properties of redox proteins and enzymes.1 
For applications such as biosensors and biofuel cells, 2 it is 
desirable to have direct and fast electron transfer kinetics 15 
between the electrode and the biological component of 
interest.3 However, the rate of direct electron transfer (DET) 
may be inherently slow due to a range of factors including: 
inaccessibility of the electroactive group in the protein 
structure; adsorption of the protein in a manner which does 20 
not promote fast electron transfer or denaturation of the 
protein.4,5 Modified electrodes can enhance the rate of 
electron transfer, and provide the opportunity to conduct 
detailed thermodynamic and kinetic studies.6,7 The use of self-
assembled monolayers on electrodes to promote electron 25 
transfer between the redox protein of interest and the 
electrode has been widely used.7-11                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  
 Factors that influence the Eo’ of haem proteins include the 
nature of the axial ligands;  the polarity of the haem 
environment and the extent of haem surface exposure.12-15 30 
Despite numerous studies, the full range and effects of the 
factors that contribute to Eo’ and their relative contribution has 
not yet been determined. While the majority of enzyme use 
occurs in aqueous media e.g. glucose analysis16 , enzymes can 
also catalyse reactions in nonaqueous media17 and can be used 35 
in synthetic reactions.18 However, there have been relatively 
few studies of the electrochemical properties of enzymes in 
organic media. Cyt c is one of the most extensively studied 
redox proteins19 and has been widely used as a model for 
larger, more complex systems.20 The reduction of the 40 
immobilised haem fragment of cytochrome c, 
microperoxidase-11, has been examined in aqueous buffer and 
glycerol. The increase of 30 mV in Eo’ in glycerol was 
dominated by entropic changes.21 Immobilised cytochrome c 
showed a smaller increase (7 mV) in Eo’ on immersion in  45 
glycerol, however the change was dominated by enthalpic 
changes.22 Faradaic responses were observed for MP-11 in 
acetonitrile and ethanol, with increases of 60 and 64 mV in 
Eo’, respectively.23 The reduction of cyt c in solution was 
examined in a range of mixed solvents, with reversible 50 
responses (Eo’ ranging from 199 – 274 mV vs SHE) obtained 
in methanol, acetonitrile, DMF and DMSO.24-25 Here we 
describe the direct electrochemical response of cyt c in 
methanol at a SAM modified gold electrode. The Eo’ increased 
immediately on immersion in methanol, returning to the 55 
original value in aqueous solution, but on a much longer time 
scale, indicating that methanol causes a significant, reversible 
perturbation to the conformation and/or orientation of the 
protein at the surface of the electrode.  
 The electrochemical response of cyt c was examined at a 60 
mixed SAM (HS(CH2)10COOH/HS(CH2)7OH), which has 
been previously shown to provide faster and more reversible 
kinetics than a C11COOH SAM.
25 In aqueous buffer (10 mM 
phosphate, pH 7.0)  Eo’ (234 ± 3 mV vs. SHE) and ΔEp were 
found to be in good agreement with literature values (Fig 1A). 65 
7, 20 Plots of ipa and ipc vs. scan rate (v) were linear, indicating 
that cyt c was immobilised on the electrode surface.  
 Cyt c, like the vast majority of proteins, is insoluble in 
organic solvents. Cyt c modified electrodes were placed in 
solutions of methanol containing 3% (v/v) added buffer, the 70 
minimum amount of water required to observe a faradaic 
response (no faradaic current was observed in the absence of 
added water). On immersion of the electrode in methanol, a 
significant increase in Eo’ of 302 mV was immediately 
observed (Fig 1B), with the response being quasireversible75 
(ipa/ipc  = 1.77 and ΔEp = 144 mV). Plots of ipa and ipc vs. scan 
rate (v) were linear. The increase in Eo’ observed here is 
substantially larger that the values reported for immobilised 
MP-11 and cyt c in glycerol.21-22 A significant increase in the 
oxidation peak potential of cyt  c adsorbed onto TiO2 80 
modified SnO2 electrodes occurred in 95% acetonitrile (800 
mV vs Ag/AgCl); however the process was irreversible.27  
 When cyt c modified  electrodes were removed from 
methanol and placed in buffer solution, no faradaic response 
was immediately evident over the potential range expected. A 85 
faradaic response developed over time, on immersion of the 
electrode in aqueous solution. The original response restored 
in 120 ± 20 min (Fig 2). The reappearence of the faradaic 
response followed zero order kinetics with a  rate constant of 
6.2 х 10-3 ± 1.2 х 10-3 pmol cm-2 min-1. Compton has 90 
previously reported that the faradaic response of cyt c 
modified electrodes disappeared on exposure to high salt 
concentrations,  reappearing in buffer on a shorter time scale 
of 31 ± 14 min.7  
 The loss of faradaic response of redox proteins frequently 95 
arises from desorption or denaturation of the protein at the 
electrode surface. It is not likely that cyt c is desorbed from 
the electrode surface as proteins are not soluble in nonaqueous 
media. While denaturation of the protein is possible, if it does 
occur it appears to be reversible as the faradaic response is 100 
restored on re-immersion in buffer. To examine this change 
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further, experiments were performed in solutions containing 
urea (Fig 3A) and as a function of pH (Fig 3B). There was a 
gradual decrease in the peak currents as the concentration of 
urea was increased. In 5 M urea, there was a complete loss of 
response, which was not reversed on immediate re-immersion 5 
in aqueous buffer solution and did not appear after 120 min. 
ΔEp increased slightly (from 30 ± 3 mV to 38 ± 2 mV) in 1M 
and 3M urea solutions but no change in Eo’ was observed. At 
pH 3.0 there was a complete loss of the faradaic response, a 
change that was partially reversed upon replacing the 10 
electrodes in pH 7.5 aqueous buffer. Both ΔEp and E
o’ were 
unchanged. In urea and in solutions at varying pH, no faradaic 
currents were observed on scanning over a wider potential 
range i.e. 400-1000 mV. Urea is a known protein denaturant 
and in this case produces an irreversible change in the 15 
faradaic response, while pH induces partially reversible 
changes. Methanol causes a different reversible change to cyt 
c. To investigate this further, the thermodynamics of reduction 
of cyt c were determined in aqueous buffer and methanol 
(Table 1).22 The observed increase in Eo’ arises from a 20 
significant increase in ΔSº’ which is countered by a large 
increase in ΔHº’. The values of both ΔHº’ and  ΔSº’ in aqueous 
solution compare well with previous reports on immobilised 
cyt c.22 The enthalpic effect is thought to be mainly related to 
the stabilisation of the Fe3+ state by ligand binding 25 
interactions (in particular the thioether sulfur ligation of the 
axial methionine), to the hydrophobic environment of the 
haem, and to the accessibility of the haem to the solvent. 
From the observed increase in ΔHº’, the Fe3+ form of 
cytochrome c is  preferentially stabilised in methanol, a 30 
stabilisation that may reflect the displacement of methionine 
as a ligand.  
 Entropy changes play an important role in the modulation 
of the reduction potential of haem proteins.28 The values of 
ΔSº’ are related to protein structural changes (protein 35 
flexibility); alteration of solvent dielectric about the metal 
centre and the influence of ligation. Solvent reorganisation 
effects also play a major role in determining ΔSº’ values.28 
Ferrocytochrome c is more compact in structure than 
ferricytochrome c.29 The entropic data suggests that the 40 
degree of conformational flexibility of the reduced protein is 
increased relative to that of the oxidised protein and may be 
indicative of partial denaturation of the protein.  
 In conclusion, the Eº’ of cyt c increases by 300 mV in 
methanol,  an increase that is reversed in buffer solution. It is 45 
not clear what conformational changes occur in methanol and 
it is possible changes in the orientation of the protein (as 
proposed by Compton et al.7 ) may also occur. Using optically 
transparent electrodes, spectroscopic studies (circular 
dichroism31 and resonance Raman) of the structural changes 50 
that accompany oxidation/reduction of cytochrome c in 
nonaqueous solvents are underway. This approach opens up 
the possibility of directly probing the influence of solvent on 
the structure of a protein in real time. 
 This research was funded by the University of Limerick 55 
foundation and by County Limerick Vocational Educational 
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Table 1 Thermodynamic data for cyt c modified electrodes in 60 
aqueous buffer and MeOH 
 
     ΔHº’         ΔSº’ 
Solvent Eo’(mV)a     ΔEp (mV)           (kJmol-1)     (JK-1mol-1) 
Aqueous         234         39  -37.5±1.4        -33.6±1.9 65 
97% MeOH    536         144  -7.3±9.2         44.9±8.9 
 
a Eo’ is reported vs SHE 
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a Materials and Surface Science Institute, Department of Chemical and 70 
Environmental Sciences, University of Limerick, Limerick, Ireland . Fax: 
+353 61 203529; Tel: +353 61 202629; E-mail: Edmond.Magner@ul.ie 
† A CHI 630A potentiostat was used for the electrochemical experiments. 
Au disc electrodes were purchased from IJ Cambria Scientific. Lithium 
perchlorate (0.1M) was the supporting electrolyte used in electrochemical 75 
scans in methanol solutions.   
‡ Self-assembled monolayers were created by pre-treating Au 
electrodes with ‘Pirahna’ solution (1:3 (v/v) mixture of 30% 
H2O2: 98% H2SO4), followed by modification with 2.5 mM 
mixed SAM solution (1:1 mixture of 80 
HS(CH2)10COOH/HS(CH2)7)H) for 24 h and then exposure to 
a 30 μM cyt c solution for 2-4 h.26,32 
 
1 D. Millo, A. Bonifacio, A. Ranieri, M. Bosari, C. Gooijer and 
G. van der Zwan, Langmuir, 2007, 23, 4340-4345. 85 
2 J. M. Saveant, Chem. Rev., 2008, 108, 2111-2112. 
3 A. Heller, Acc. Chem. Res. 1995, 28, 503-508. 
4 G. D. Brayer and M. E. P. Murphy, Cytochrome c: A 
Multidisciplinary approach, 1996. 
5 Q. Li, G. Luo and J. Feng, Electroanalysis, 2001, 13, 359-363. 90 
6 Q. Wang, Q. Gao and J. Shi, J. Am. Chem. Soc., 2004, 126, 
14346-14347. 
7 C. M. DiCarlo and D. L. Compton, Chem. Comm., 2005, 218-
220. 
8 J. Petrovic, R. A. Clark, H. Yue, D. H. Waldeck and E. F. 95 
Bowden, Langmuir, 2005, 21, 6308-6316. 
9 H. Yue, D. H. Waldeck, J. Petrovic and R. A. Clark, J. Phys. 
Chem. B., 2006, 110, 5062-5072. 
10 X. Ji, B. Jin, J. Jin and T. Nakamura, J. Electroanal. Chem., 
2006, 590, 173-180. 100 
11 S. Song, R. A. Clark, E. F. Bowden and M. J. Tarlov, J. Phys. 
Chem., 1993, 97, 6564-6572. 
12 G. R. Moore and R. J. P. Williams, FEBS Letters, 1977, 79, 
229-232. 
13 R. J. Kassner, JACS, 1973, 95, 2674-2677. 105 
14 E. Stellwagen, Nature, 1978, 275, 73-74. 
15 A.G. Mauk and G. R. Moore, J. Bio. Inorg. Chem., 1997, 2, 
119-125. 
16 M. Staiano, P. Bazzicalupo, M. Rossi and S. D’Auria, Mol. 
Biosyst., 2005, 1, 354-362. 110 
17 A. M. Klibanov, Nature, 2001, 409, 241-246. 
18 A. Schmid, J. S. Dordick, B. Hauer, A. Kiener, M. Wubbolts 
and B. Witholt, Nature, 2001, 409, 258-268. 
19 J. Xu and E. F. Bowden, J. Am. Chem. Soc.,  2006, 128, 6813-
6822. 115 
20 K. A. Davies, B. J. Drews, H. Yue, D. H. Waldeck, K. Knorr 
and R. A. Clark, J. Phys. Chem. C., 2008, 112, 6571-6576. 
21 D. O’Donoghue and E. Magner, Chem. Comm., 2005, 438-
439. 
22 C. Grealis and E. Magner, Langmuir, 2003, 19, 1282-1286. 120 
23 A. N. J. Moore, E. Katz and I. Willner, J. Electroanal. Chem., 
1996, 417, 189-192. 
24 S. G. Sivakolundu and P. A. Mabrouk, J. Am. Chem. Soc., 
2000, 122, 1513-1521. 
 This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |  3 
25 N. J. O’Reilly and E. Magner, Langmuir, 2005, 21, 1009-1014 
26 A. El-Kasmi, J. M. Wallace, E. F. Bowden, S. M. Binet and R. 
J. Linderman, J. Am. Chem. Soc., 1998, 120, 225-226. 
27 C. Grealis and E. Magner, Chem. Comm., 2002, 816-817. 
28 G. Battistuzzi, M. Borsari and M. Sola, Eur. J. Inorg. Chem., 5 
2001, 2989-3004. 
29 R. M. Zabinski, K. Tatti and G. H. Czerlinski, J. Bio. Chem., 
1974, 249, 6125-6129. 
30 G. Battistuzzi, M. Borsari, G. Di Rocco, A. Leonardi, A. 
Ranieri and M. Sola, ChemBioChem, 2005, 6, 692-696. 10 
31 X. Yuan, S. Sun and F. M. Hawkridge, J. Am. Chem. Soc., 
1990, 112, 5380-5381. 
32 L. Jiang, A. Glidle, C. J. McNeil and J. M. Cooper, 
Biosensensors and Bioelectronics, 1997, 12, 1143-1155. 
 15 
 
 
 
Fig 1. Cyclic voltammogram of cyt c at C10COOH/C7OH gold 
electrodes in (A) 10 mM phosphate buffer, pH 7.0 and (B) 20 
97% methanol  (ν = 100 mVs-1). 
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Fig 2. Cyclic voltammograms of cyt c at C10COOH/C7OH 40 
gold electrodes in: aqueous buffer solution (---), 97% MeOH 
(---), buffer solution at t = 20 mins after exposure to methanol 
(---); and buffer solution at t = 120 mins after exposure to 
methanol  (---). The inset shows the increase in cyt c redox 
surface coverage as a function of time after exposure to 97% 45 
methanol. 
 
 
Fig 3. Cyclic voltammograms of cyt c at C10COOH/C7OH 
gold electrodes in aqueous buffer solution (A) 10 mM 50 
phosphate buffer, pH 7.0 (---), 1 M (---), 3 M (---) and 5 M (--
-) urea (ν = 100 mVs-1) and (B) 10 mM phosphate buffer, pH 
7.5 (---) pH 3.0 (---) and on re-immersion in pH 7.5 (---) (ν = 
100 mVs-1). 
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